Abstract. This work describes the fabrication and test of a high temperature (+200°C) capable high frequency transformer. It was manufactured using Low Temperature Co-fired Ceramic (LTCC) technology, which allowed the complex multilayer structure of ceramic and metal windings to be formed. However, the selected LTCC composition is a free sintering ceramic and there is an interaction between the metal conductor and the ceramic substrate during lamination and firing that can lead to significant deformation, presenting a significant engineering challenge.
Introduction
For electronics, there is always a drive to reduce the size of components and systems. Currently there is a trend to achieve this by removing the cooling components thus reducing the overall size and complexity of the system. This trend is most evident in aviation, where the reduction in complexity, size and weight of components has great benefits in terms of maintenance and fuel economy (Slater, 2011) . However, removing cooling from the system increases the operating temperature of the components meaning that current technology is not suitable and new high temperature components will have to be developed.
Here, the design and fabrication of a new high temperature capable transformer is described. The component forms part of the avionics for an advanced compact aileron actuator developed as part of a European 7 th framework project (see acknowledgments). The transformer functions as an independent power supply for driving the high-power circuitry of the actuator. It is manufactured from Low Temperature Co-fired Ceramic (LTCC) a multilayer ceramic technology allowing compact complex circuits to be made and suitable for use above 200°C (McPherson, 2010) .
In the manufacture of complex systems, it is not possible to deduce the cause of failure by measuring the performance at the final step. Instead, it is necessary to analyse the input variables of the manufacturing process in order to achieve a high manufacturing yield and subsequent high reliability (Crook, 1990) . Here, it is demonstrated that a high yield can be achieved by analysing the various components and materials that system is composed of.
Materials and Methods
Design of transformer. The transformer is composed of five windings; one primary power winding (N1), one primary sensing winding (N2) and three power supply secondary windings (N3, N4, N5). The winding ratio in comparison to the main primary N1 is 44.4% for N2, 100% for N3 and 88.8% for both N4 and N5. Two separate LTCC winding blocks, a 15-layer one comprising N1-2 and another of 17 layers for N3-5, are used to construct the transformer, and are assembled with two E-type ferrite cores. The LTCC blocks have an air gap of 250 µm between them (to minimise primary-secondary capacitive coupling), and the E-cores are spaced from each other by a 40 µm magnetic air gap. All of the parts are held in place by a high temperature resistant silicone adhesive.
Fabrication of LTCC parts. Transformers with three batches of LTCC winding blocks were produced, under different conditions: 1) low-profile, 2) standard, and 3) standard with improved inspection.
1) Fabrication of low-profile windings. Initially, to minimise the height of the transformer, 50 µm sheets of DuPont 951 LTCC tape (DuPont, USA) were used for fabrication. The 150×150 mm sheets were cut into four 75×75 mm layers using a guillotine before screen printing. The windings for nine transformers were then screen printed on each LTCC sheet using DuPont 6145 silver conductor paste. The Tedlar ® release liner was then removed before using a trimming laser (LS9000, LS Laser Systems GmbH, Germany) to cut the alignment holes, holes for the vias, the slots for the E-cores and the perforations for singulating the substrate. The vias were filled in each LTCC layer using DuPont 6141 silver via fill by screen printing with vacuum assist.
The completed LTCC sheets were aligned on an alignment jig with 5 mm diameter steel pins at each corner. After stacking, the LTCC sheets were laminated between two steel plates by uniaxial pressing at 18 MPa for 10 minutes at 70°C. The laminated LTCC was then fired in a box furnace (ATV PEO-601, ATV Technologie GmbH, Germany). The firing profile consisted of 90 minutes at 400°C to burn the organic binder out, and 30 minutes at 896°C for sintering the LTCC. A total of 9 transformers were manufactured using this process, after which each of the windings was tested for electrical resistance.
2) Fabrication of standard windings. The "standard" LTCC blocks were fabricated using thicker LTCC tapes. For this, the middle 13 layers and 15 layers for each section were composed of 114 µm LTCC. For the top and bottom of most layers of each section, 254 µm thick LTCC was used. The printing of the windings, laser cutting and via fill were fabricated using the same methods as described in (1) . Before stacking and lamination, the vias for the transformers were inspected under an optical microscope to identify any vias that had not been filled and LTCC layers with defective vias were not used in the assembly. The LTCC layers were then stacked on the alignment jig and laminated, using a lower lamination pressure of 14 MPa for 10 minutes at 70°C. The laminated parts were then fired using the same firing profile as described above. A batch of 36 transformers was manufactured using this method, also measuring each winding resistance.
3) Standard with improved inspection.
A further 18 transformers were manufactured as in (2) . However, in order to improve manufacturing yield, during the inspection phase, in addition to inspecting the via fill, the area between the printed windings were inspected for conductor that could cause a short circuit. These transformers were subjected to the same manufacturing tests and the manufacturing yields compared.
Test of silicone adhesive. The transformer was assembled using silicone adhesive Q5-8401 (Dow Corning, USA). In order test the suitability of this adhesive, a test vehicle was constructed and subjected to high temperature tests. The test vehicle consisted of a 12.7×25.4×1 mm 3 alumina substrate. This was screen printed with five 4.2×4.2 mm 2 squares of the silicone with a thickness of 40 µm. This was then cured for 45 minutes at 120°C, after which a second layer of silicone was printed. Five alumina blocks of 4×4×0.5 mm 3 where then placed on each of the silicone squares before curing at 120°C for 90 minutes. Ten test vehicles were thus manufactured and subjected to 1000 hours of high temperature storage. Shear tests were performed using a Royce 552 Multitest Bond Tester (Royce Instruments Inc., USA) before the experiment to get the initial value of the shear strength. During the high temperature storage, the samples were removed, cooled to room temperature and shear tested at intervals of 24, 250 and 1000 hours.
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Advanced Materials and Structures V Assembly of Transformers. After the resistance measurements to identify defective windings, the LTCC transformers were singulated by breaking along the perforations in the LTCC. First the one E-core was inserted into the LTCC section with the windings N1 and N2 with silicone glue placed between. Then using two pieces of 250 µm alumina as spacers the second LTCC section was stacked on top. Finally two strips of Tedlar ® of 40 µm thick were placed on the E-core before the second E-core was placed on top. The entire assembly is shown in figure 1 below. The adhesive was cured at 120°C for 90 minutes, after which the alumina pieces and Tedlar ® strips were removed to complete the transformer. 
Test of Transformers.
To validate the performance of the transformers, the voltage ratio between the windings was measured. For each transformer, the primary winding was powered with a 5 V RMS sine wave at 100 kHz. The voltage ratios for windings N2-5 were determined from measurements, and compared to their theoretical values.
Results
Optical Inspection. Figure 2 shows both correctly filled set of vias, and a misalignment during printing. The misalignment may cause the via fill paste not to reach the bottom of the hole cut for the via. In turn, during lamination and firing the via is unlikely to make contact with layer below, resulting in an open circuit in the winding. Electrical tests. The figure for the winding ratio below shows consistent values for each of the windings, with an average of 4% losses in the winding ratio, mainly from the ferrite core. Failed transformers can be identified by a deviation in the winding ratio represented by the outliers in the plot. These data points correspond to roughly a further 4% in losses in the winding ratio, indicating a reduction in the number of turns in the winding. Of the 36 transformers manufactured, a total of 24 were fully functional after testing, which equates to a production yield of 66% Improved inspection. For the second batch of transformers, the area between the windings was inspected for possible causes of short circuits. Figure 6 shows a section of stray conductor from the screen printing process on the left. Such a defect would have created a short circuit and caused one turn in this particular winding to be lost, resulting in a failed transformer. Anther more common defect was the presence of metal flakes on the LTCC. These originated from the cutting of the LTCC tapes with the laser. As the laser creates a large amount of debris during ablation it contaminates the holder for the substrates and cover for the laser. While a LTCC tape is in the laser, it is possible that some of this contamination falls onto the tape. In some cases the fragments are conductive and will cause short circuits if they are not removed. With the addition of inspection for these defects, 14 of the 18 transformers were functional resulting in a 77% yield. 
Discussion
The initial attempt (batch 1) to create low-profile transformer was not successful in this case. Here, it was demonstrated that there was a limit between the amount of conductor and LTCC that can be laminated and successfully fired. The transformer sections have a high coverage of conductive tracks and, where the 50 µm LTCC tapes were used, there was a high degree of deformation cracking caused by the strong sintering force of the silver windings. During sintering of the laminated stack, the silver starts to sinter first, as it has lower sintering temperature than the LTCC. When the particles of the silver conductor start to pull together, the LTCC powder is only held together loosely, and can easily be deformed and pulled apart.
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Increasing the ratio of LTCC to conductor (batches 2 & 3) increases the resistance of the LTCC to deformation during sintering, as demonstrated by using the 114 µm thick LTCC tapes, in conjunction with the 254 µm thick ones at top and bottom. The larger bulk of LTCC in comparison to the conductor ensured little deformation and no cracking in the substrates. In addition, the extra LTCC thickness on the top and bottom resulted in less deformation during lamination due to spreading of force and allowed a lower lamination pressure to be used.
Of the first successful batch (2) of transformers, there was a production yield of 66%. Inspection for defects such as poorly filled vias allowed many failed transformers to be avoided. However, a high number of transformers had abnormally low transforming ratios after assembly, indicating a loss of one or more turns in the winding. For this second batch of transformers, it was found that stray conductor can be left between the windings and more commonly contamination from the laser can be left on LTCC, causing short circuits. This led to the development of an improved inspection method (batch 3), where the spaces between the conductor windings were additionally inspected for causes of short circuit, thereby increasing the production yield to 77%.
Conclusions
In this article, the manufacture of a transformer capable of operating a 200°C was described. The initial attempt to create a low-profile version was not successful, as the ratio between the conductor and the LTCC was too high to allow the windings to be sintered. The subsequent version using thicker LTCC tapes was able to be fabricated, but demonstrated a manufacturing yield of 66%. To increase the yield, an improved inspection method was used to eliminate the short circuits between the windings, increasing the manufacturing yield to 77%. In addition, the silicone adhesive for assembling the transformer was validated for suitability for use at 200°C. After a test of 1000 hours at 210°C, the silicone had sufficient shear strength for use in the transformer. This, coupled with LTCC high temperature performance, rendered the transformer suitable for use at 200°C.
